Casein is a main component of milk proteins. It forms a protective colloid in milk. The colloidal particle is called a whole casein micelle. The casein micelle is on average 1,400A in diameter. 1 The casein micelle itself is composed of a number of casein submicelles of about 100 A in diameter, which are connected one another by calcium phosphate. 1 An important characteristic of casein micelles is their high degree of hydration. They can hold about 4 g water/g casein. The property of water molecules in casein micelle solution is hence one of important subjects to be studied. 2 In this work, we carried out nuclear magnetic resonance (NMR) experiment to clarify the motional state of water molecules in casein micelle solution. The spin-spin relaxation time T 2 of water protons was measured as a function of concentration for casein micelles with different size. The results are discussed in terms of structure of casein micelle.
EXPERIMENT AL
Skim milk was prepared from fresh milk obtained from the university farm. Three samples of whole casein micelle in different size were prepared by fractionation of skim milk 1 To whom correspondence should be addressed. using ultra-centrifugation at different g's. The samples were finally obtained in a form of pellet. The molecular weights of the three samples were determined by the wavelength dependence of turbidity 3 and found to be 29.4 x 10 9 , 21 x 10 9 , and 0.85 x 10 9 , respectively. A sample of submicelle was also prepared by de-calcifying casein micelle solution. 4 The molecular weight of submicelle was found to be about 10 6 . Artificial milk serum was prepared by the method reported elsewhere. 4 H 2 0 in the serum was partly replaced with D 20 for field-lock of NMR experiment. The D 2 0/H 2 0 ratio was 0.25--0.4. Casein micelle in the form of pellet was suspended in 2 ml of the serum in a 10 mm NMR tube. The casein concentration is expressed in weight of dry casein per weight of solution. The NMR measurement was performed on a JEOL JNM-FX60Q spectrometer at a frequency of 60 MHz. The spin-spin relaxation time T 2 of water protons was measured by the Carr-Purcell-Mei boom-Gill method. 5 The NMR sample tube was not spun during measurements. For all samples the spin-echo decay was a single exponential. Figure I shows the observed relaxation rate (the inverse of T2obs) of water protons at room temperature as a function of casein concentration for four different samples. The relaxation rate l/T 20 bs increases linearly with the casein concentration. We found that the relaxation rate increases with increasing temperature (the data are not shown here). The results of concentration and temperature dependences of the relaxation rate indicate that water molecules undergo rapid exchange between free and bound states. Figure I indicates that the re_laxation rate does not depend on the size of whole micelle. There is, however, a remarkable difference between whole casein micelle and submicelle. The slope of the straight line is much smaller for submicelle than for whole micelle.
RESULTS AND DISCUSSION
When water molecules undergo rapid exchange between free and bound states, the observed relaxation rate 1/T2 0bs is given by 6 l/T2obs=(l-l8qCjM)/T2r
(1)
Here, T 2 r and T 2 b are spin-spin relaxation times of water protons in the free and bound states, respectively, q is the number of binding sites per micelle (or submicelle), C is the concentration of casein micelle (submicelle), and M is 5. Here, y is the magnetogyric ratio, h the Planck constant divided by 2n, r the interproton distance of water molecule, and rr and 'b are rotational correlation times in the free and the bound states, respectively. We examine two models of micellar (submicellar) structure from the view-point of binding of water molecule. The first is that the casein micelle (submicelle) is a rigid sphere of volume V to which water molecule binds. The second is that the micelle (submicelle) is not a single rigid sphere but consists of a large number of mobile sub-units of volume v and molecular weight m to which water molecule binds; these sub-units undergo tumbling motion inside micelle more or less independently.
The slope of the straight line S of Figure I can be calculated under the assumption that the correlation time in the bound state is equal to that ofmicelle (model 1) or sub-unit (model 2) and obeys the Einstein-Stokes equation.
Using the interproton distance r= 1.91 A, the viscosity of water at room temperature of 0.01 poise, and other known universal constants, we get for model 1 S= 13qV/M, and for model 2
Here, q' is the number of binding sites per sub-unit. We neglect the contribution from the free water, because the correlation time in the free state is much smaller than that in the bound state.
The number of binding sites of water molecule per micelle (submicelle) q is reasonably assumed to increase with increasing micelle-size. V/ M is the specific volume of micelle (submicelle), and seems independent Polym. J., Vol. 23, No. 10, 1991 of the micelle-size. Equation 3, thus, indicates that S increases with increasing micelle-size. As seen in Figure 1 , S does not, however, depend on the micelle-size. We exclude model 1 and adopt model 2.
The factor of v/m in eq 4 expresses the specific volume of the sub-unit, and is assumed to be of the order of unity. From the observed values of slope, q' is estimated to be 10 for whole casein micelle and 2 for submicelle. These small values of q' imply that the sub-unit is small in size. Since q' is the number of the "exchangeable" water binding sites, the larger value of q' for whole micelle than for submicelle means that the whole micelle has a larger number of exchangeable water molecules than submicelle. This is presumably ascribed to the hydration of calcium phosphates which bind submicelles.
In conclusion, we are led to an idea that casein micelle (submicelle) is composed of a large number of small sub-units which independently undergo tumbling motion inside micelle. This idea is in agreement with the previous model of a loose sponge-like structure of casein micelle. 8 
